Beach sand contains fecal indicator bacteria, often in densities greatly exceeding the adjacent swimming waters. We examined the transferability of Escherichia coli and F + coliphage (MS2)
INTRODUCTION
Freshwater and marine beach sand often contains appreciable amounts of fecal indicator bacteria (Ghinsberg et al. 1994; Whitman et al. 1994; Alm et al. 2003; Whitman & Nevers 2003; Yamahara et al. 2007) . Fecal indicator bacteria elutriated from beach sand often exceed the amount in an equivalent volume of adjacent lake water regardless of whether comparisons are made between nearshore lake water concentration and pore water, bulk wet, or dry weight sand (Whitman & Nevers 2003) . The relationship between the concentration of fecal indicator bacteria in beach water and the potential risk of exposure to pathogens has been well studied (Van Donsel & Geldreich 1971; Burton et al. 1987; Bolton et al. 1999; Elmanama et al. 2005; Ishii et al. 2007) . Fewer studies have correlated enteric viral occurrence in beach water and risk of exposure to pathogens. Only pilot studies have been conducted (Heaney et al. 2006; Bonilla et al. 2007 ) that relate the concentration of fecal indicator bacteria and viruses in beach sand to risk of exposure to illness (Calderon et al. 1991; Kueh et al. 1995) , despite the potential close association of shoreline recreational contact and high-risk groups such as children, the elderly and immuno-compromised individuals.
Epidemiological studies have related fecal indicator bacteria levels and viruses to beach contamination and
MATERIALS AND METHODS

Site description
Sand used in this study was collected from 63rd Street Beach, which is located on the southern shore of Lake Michigan in Chicago, Illinois. Historically, the beach has frequent swimming advisories due to high E. coli concentrations, and the sand contains much higher concentrations of E. coli than the beach water. The study area, sample locations and sand characteristics have previously been described in detail (Whitman & Nevers 2003) .
Sample collection
Sand samples were collected 2 -3 m from the shoreline on three occasions: 11 June, 11 July and 24 July 2007. On 11
June, approximately 5-7 kg of sand was collected for E. coli analysis at each of five locations (100 m apart) along the shoreline and placed into sterile buckets. Samples were collected from a 25 -30 cm diameter area (10 cm depth) using a sterile garden spade; between locations the spade was sterilized thoroughly with 70% alcohol and rinsed several times with sterile, distilled water. Additionally, a lake water sample was collected in 45-cm deep water adjacent to each of the five locations. On two occasions, 11 and 24 July, sand samples were collected for MS2 coliphage analysis. 
MS2 coliphage
Initial analysis of the sand revealed a non-detectible level of MS2 coliphage; sand was subsequently spiked to establish a concentration of 100,000 MS2 coliphage particles/g sand.
The initial cell concentration of a laboratory MS2 coliphage titre was determined by preparation and analysis of serial dilutions. A series of sterile polyethylene bags containing 300 g of sand was inoculated with the appropriate dilution and volume of titre; each sand sample was then gently but thoroughly mixed for even distribution. 
Sample analysis
For determining background E. coli and MS2, each sand sample was well homogenized, then 100 (E. coli) or 300 (MS2 coliphage) grams of sand was added to a sterile 500-ml bottle or sterile polyethylene bag, followed by 200 ml of PBW. The mixture was shaken for 2 min, and appropriate volumes were used for analysis of E. coli or MS2 coliphage. E. coli samples were elutriated and analysed using Colilert-18 system (IDEXX, Inc., Westbrook, Maine). Rinse water was also analysed using Colilert-18. In order to express organismal densities per cm 2 of the hand, the total hand surface was covered with duct tape, and area was calculated using a piece of duct tape with a known area and mass. E. coli concentration recovered from the rinse water for each study participant was divided by their hand surface area, resulting in the unit of MPN/cm 2 . The surface area of the index finger and thumb were calculated by multiplying the circumference (cm)
The highest and lowest E. coli densities were recovered from lake water collected at locations 5 and 2, respectively.
Mean E. coli densities (log MPN/cm 2^S E) transferred from the sand to study participants' hands for each location were 0.99^0.06 (location 1), 0.37^0.07 (location 2), after four rinses (Table 1) .
MS2 coliphage was undetectable in the sand collected from the beach, so for sequential rinsing, 1.56 £ 10 6 PFU were added to 300 g of sand. Sand was elutriated, and 5 £ 10 5 MS2 PFU/300 g were recovered from the inocu- (Table 1) .
DISCUSSION
Recreational beach sand is not monitored for indicator bacteria or associated pathogens. Although E. coli concentrations in sand often far exceed the regulatory standard established for water, based on comparable volumes, studies have not directly linked E. coli in sand with ingestion and potential risk of illness from sand-borne pathogens.
Preliminary epidemiological studies suggest that more time spent in the sand is associated with increased gastrointestinal illness (Bonilla et al. 2007) . Beach use for recreational activities is not limited to the water; however, contact with beach sand is inevitable, and both passive and active ingestion of sand are likely.
Using the guidelines for health effects water criteria for E. coli developed by the USEPA, we compared illness rates and consumption of E. coli in water with our sand results.
In epidemiological studies, it was determined that eight individuals would develop illness after swimming in water with a geometric mean of 126 E. coli/100 ml (Dufour 1984; US EPA 1986) . Further, it has been determined that in any given swimming activity, an adult individual will swallow an average of 16 ml of water . Given this dose-response relationship (ingesting 20 ml of water with a geometric mean concentration of 126 E. coli/100 ml results in 8 illnesses per 1,000 individuals), we determined that ingesting the amount of sand and E. coli on an individual's fingertip, using the sand in this study, would result in 11 individuals per 1,000 developing gastrointestinal symptoms (Figure 1 ). Ingesting all of the sand and E. coli on the hand would result in the rate of 33 per 1,000 individuals with swimming-associated gastrointestinal symptoms. Risk associated with beach activities in sand has not been previously studied in any depth beyond a pilot investigation that did not include microbial density measurements (Heaney et al. 2006) . In the absence of an epidemiological investigation, surveys of pathogens in sand and rates of ingestion would be useful in determining the need for health guidelines for sand.
The risk of infection for ingested enteric viruses is 10 to 10,000-fold greater than for pathogenic bacteria at similar exposures (Haas et al. 1993) . Viruses can remain infective on hands for significant periods of time and continue to be transferred from hands and fingers to other surfaces (Boone & Gerba 2007) . Viruses also persist longer in the environment than enteric bacteria, and some can remain infectious for up to 100 days in soil at temperatures of 20 -308C (Jiang et al. 2001 ). Discharge of raw or untreated sewage into the lake may result in sewage-associated pathogens accumulating in sand, which could enhance their survival in the environment (see review in WHO 2003). In one study, beach water was sampled down-current from a river outfall into which sewage had been discharged; MS2 coliphage concentrations in the beach water were as high as 297 PFU/100 ml . In the present study, MS2 coliphage, which resembles many human enteric viruses, attached to the human skin; on the fingertip alone (approximate 2 cm 2 ), there was an average of 151 PFU; if this were predictive of the amount of pathogenic viruses present, it would suggest a health risk, since as few as 10 -100 virions can cause infection (Boone & Gerba 2007) . It should be noted that transfer from the sand to hands could be considerably different for naturally Figure 1 | Number of illnesses associated with ingesting E. coli bacteria, as calculated by dose-response relationship established in two studies (Dufour 1984; Dufour et al. 2006) . Mean amount of E. coli accumulated on specific components of individuals' hands are indicated.
